The transient simulation of electrically-long low-loss multiconductor interconnects is considered from a practical point of view. The importance of frequencydependent losses in these interconnects is discussed and a simple transmission line characterization procedure allowing for such losses is proposed. The characterization obtained yields simple and efficient interconnect models, that the user can include, without programming, in any simulator accepting differential operators.
I. INTRODUCTION
Since the distortion effects of interconnects start threatening the integrity of the fast signal waveforms, the transient simulation of multiconductor transmission lines (MTLs) has become an important tool for the analysis and design of modern electric and electronic systems.
Nowadays, though the principles for an effective computation of the transient responses of interconnects are well understood (e.g., see [l] ), their application to the user problems can be improved. In particular, electrically-long low-loss Multiconductor Interconnects (MIS), which are widely diffused, cause particular difficulties and their practical simulation is a source of troubles. These interconnects require the use of specific TL models taking into account frequency-dependent losses, e.g., the skin effect and dielectric losses [2] . Such models are not yet available in common circuit simulators (e.g., SPICE) and require either lengthy coding or the time (and money) for the next generation of simulators devised for electrically-long MTLs.
In this paper the importance of the frequency dependence of losses in electrically-long low-loss interconnects is discussed and a practical approach for the transient analysis of such interconnects by standard simulators (e.g., SPICE) is proposed. The approach is based on the transient matched scattering parameters of the interconnect and their numerical representation by differential operators of integer orders and ideal delays [3] . In order to emphasize the effectiveness of such an approach, simulation examples developed in SPICE and SIMULINK are also shown.
II. MODEL EQUATIONS
The problem addressed in this paper is the time-domain analysis of an electrically-long lossy (N + 1)-conductor interconnect terminated by generic loads at both ends. We base the analysis on the voltages and currents at the ends of the interconnect conductors, vpq and ipq, respectively, ( p = 1 , 2 line ends, q = 1, ..., N conductors, and ipq > 0 for charges entering conductor 4).
In order to obtain a transient simulation scheme of this problem which is effective also for low-loss interconnects, we describe the MTL response in terms of matched current wave variables 
III. FREQUENCY-DEPENDENT LOSSES
In this Section, we discuss the role of frequencydependent losses thorough an example based on a 2-conductor RLC TL. This example points out that, in low-loss TL, losses can affect only signals with very fast rise-times, experiencing frequency-growing losses. Frequency-independent loss models miss the important initial part of the TL characteristics and are, therefore, useless to simulate the behavior of low-losses structures.
The computation of the curves of Fig. 1 is accomplished by a numerical algorithm for the inversion of the Laplace Transform [4] . Such an algorithm operates on the scattering responses of both 2-conductor and multiconductor TLs without the well known difficulties of the inverse FFT. It offers a controllable error, handles realistic frequency dependent p.u.1. parameters and yields accurate results also in the critical case of low-loss interconnecis. This algorithm is our tool to generate reference transient characteristics, which are useful for parametric studies, validations as well as for the generation of computational TL models.
IV. LINE MODELS
In order to compute the transient response of a network containing a lossy MI, the interconnect characteristics Y and 33, which correspond to dynamic operators (the last with delays), must be represented in a form suitable to time-domain integration. The most affective representation is composed of differential operators of integer order (plus time delays for H), because they offer high Several methods are available to convert line frequency characteristics in time-domain differential operators. The transient characteristics of a generic electricallylong multiconductor structure, however, can be very complicate and the problem makes sense only when the structures considered are properly limited. In this paper, we concentrate on the important class of low-loss interconnects with weakly inhomogeneous dielectric and nearly diagonal internal impedance matrices (e.g., planar multistrip structures or wire tapes and bundles in air).
The characteristics of such structures can be effectively expressed through the approximate modal decomposition defined by M,, = M,(oo) and M,, = M;(oo). In order to obtain differential operators reproducing these approximate characteristics, we rely on the approach proposed in [ 5 ] , which amounts to compute the modal SRs y m k = L,'{Ymk/S) and hmk = C U 1 { H m k / s } and to fit them with sums of exponential functions. We compute the SRs as explained in Sec. 111 and fit them by means of a standard least square algorithm [3] . The outcome of the fitting step are a set of time constants and coefficients defining differential-difference operators to be inserted in any simulation environment accepting them.
The error caused by the constant modal profiles is verified by comparing the physical SRs of the exact characteristics (3 = C , l { Y / s } and h = C,l{H/s}) and those arising from the approximate modal decomposition. We find that, when the maximum modal delay, T M , and the maximum elements of the p.u.1. inductance and dc resistance matrices, LM and R M , respectively, satisfy T M~ < 0.1, the error is negligible and the comparison can be skipped.
The time-domain approach to differential representation has interesting advantages for the problem considered. It allows to predict the error of the approximation in the time-domain, and its effect on the transient simulation. This helps in minimizing the order of differential characteristics by fitting only the parts of the responses relevant to the simulation of interest. On the other hand, the numerical cost of the exponential fitting is of little concern, because the order of differential operators sought is low, usually between 2 and 6 for fittings over time intervals up to 4 decades long. Besides, the time-domain approach yields the differential operators in diagonal form, which is a numerical advantage, and handles the frequency dependence of the p.u.1. parameters without any specific care.
V. EXAMPLES
In order to show the features of our approach, in this Section, we develop examples of line modeling and transient simulation.
For a modeling example, we consider a multiconductor microstrip structure composed of four identical uniformly-spaced lands over a dielectric substrate and a ground plane (Le., N = 4). The structure parameter values are L = 10 cm, substrate height 60 pm, landwidth 60 pm, -spacing 60 pm, -thickness t = 10 pm, substrate relative permettivity 9, and strip conductivity 5 .6 x lo' m-lf2-l. These parameter values are r e p resentative of a symmetric 4-land MCM interconnect, which is an example of structure with moderate losses and appreciable transverse inhomogeneity. The structure is modeled by differential operators generated from the approximate modal decomposition, and the result obtained for a set of physical transmission SRS is shown in Fig. 2 by our PSpice model for this problem. The signal distortion for simple transmission of this case is appreciable, and arises both from the spreading of modal velocities and from the frequency-dependent losses.
The run times of our lossy models appear comparable to that of the widely used ideal lossless model, demonstrating the numerical efficiency of the approach. Besides, the lossy models shows stability properties even better than expected, offering troubleless runs also in those cases where the lossless model leads to integration problems. The sequential simulators, which operate by solving the system dynamic equations via recursion, are particularly interesting for the simulation of networks with MIS, because they exploit the decoupling introduced by interconnect delays. The inclusion of the MI model in sequential simulators is strictly similar to the inclusion in circuit simulators, but relies on a block diagram interpretation of (2) [3] . We develop a sequential implementation in SIMULINK, and, in order to verify the advantage of the sequential simulation approach in highly interconnected networks, we simulate the transient behavior of the network of 
VI. C O N C L U S I O N S
We discuss the importance of frequency-dependent losses in electrically-long low-loss interconnects and propose a practical method to create differential models for these structures. The models can be developed at the level of accuracy required by any given simulation problem and can be inserted either in circuit simulators (useful for mainly lumped networks) or in sequential simulators (adequate for highly interconnected networks). In this way, realistic interconnect models with high efficiency are obtained at very low cost and without any in-depth knowledge of the simulator operation.
